In situ optics and hydrographic measurements, along with discrete samples for calibration, were used to assess spatial variations in phytoplankton characteristics and taxonomic composition (pigment ratios, relative particle size distribution, and chlorophyll a (chl a) concentration) in Oregon Coast surface waters during August 2001. The relationships between environmental parameters (nutrients, light, temperature), photoprotective: photosynthetic carotenoid (PPC: PSC) ratios and in situ spectral absorption and beam attenuation from ac-9 measurements were also evaluated. We computed a "slope" index to evaluate changes in shapes of the phytoplankton absorption (a ph ) spectra, a ph slope = (a ph 488-a ph 532) / [a ph 676 · (488-532 nm)]. Significant linear relationships were seen between PPC: PSC ratios and the a ph slope parameter for surface samples grouped by location, date and water mass characteristics. We observed high spatial variability in the phytoplankton photophysiological and taxonomic indicators derived from our optical measurements. Lower PPC: PSC ratios and larger particle size distributions were seen near the coast in colder upwelled water compared to locations further offshore with warmer, more nutrient deplete water. Temperature and PAR explained 42% of the variability in PPC: PSC ratios for all surface samples, and 61% for surface sample s with < 2 µM dissolved inorganic nitrogen. Temperature alone explained 87% of the variability in PPC: PSC ratios (estimated from ac-9 absorption data) and 72% of the variability in relative particle size distribution (estimated from ac-9 beam attenuation data) for Heceta Bank samples collected over 4 days, inshore and offshore of an upwelling front. 3
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Introduction
Considerable spatial and temporal variability in phytoplankton physiology and taxonomic composition has been observed in Oregon coastal waters [Small and Menzies, 1981; Kokkinakis and Wheeler, 1987; Hood et al., 1991; Dickson and Wheeler, 1995; Corwith and Wheeler, 2002] .
The Oregon coastal region is a dynamic area dominated by coastal upwelling during the spring and summer months (April -September) with a southward flowing (0.5 m s -1 ) coastal jet, the California Current, separating the upwelled waters from the low nutrient offshore waters [Barth and Smith, 1998 ]. The location of the upwelling front will move offshore during upwelling and remain closer inshore during relaxation and summer downwelling periods [Hermann et al.,1989; Castelao and Barth, this issue] . Eddies in the southward flowing California Current lead to cross shelf variability, as does along-shore variations in coastal topography [Barth et al., 2000; Strub and James, 2000] . The Columbia River plume contributes to the spatial variability in physical and biological parameters in this coastal region through the addition of low salinity, low nutrient waters over the continental shelf . In general, nutrients supplied by episodic upwelling, in conjunction with light provided by incident solar radiation, stratification of the upper water column from warming and the injection of less saline water masses, results in high phytoplankton photosynthetic rates [Hood et al.,1991] , high growth rates [Kokkinakis and Wheeler, 1987] , and high primary production [Small and Menzies, 1981] over the Oregon shelf.
These spatial and temporal variations in nutrient and light in up welling systems also affect the biomass, taxonomic composition and photophysiological characteristics of the phytoplankton assemblages, which in turn are reflected in the pigment variations of the assemblages. Pigments absorb light and transfer energy to the reaction center for use in photochemistry, or dissipate excess energy as fluorescence or heat [Falkowski and Raven, 1997] . The pigments (carotenoids and chlorophylls) involved in photochemistry are termed photosynthetic, while the carotenoid pigments thought to be involved in heat dissipation (or the transfer of energy with reduced efficiency) are termed photoprotective since they prevent damage by excess light energy. Photoprotective carotenoid (PPC) concentrations can be compared to photosynthetic carotenoids (PSC), chlorophyll a (chl a) or total pigment concentrations to provide photophysiological indices of energy transfer within the photosynthetic apparatus of the chloroplast [MacIntyre et al., 2002] . The energy transfer within the cell, reflected by variations in relative PPC concentration, is altered by environmental stressors. For example, both high light and low nutrient environments are associated with relative increases in PPC such as diadinoxanthin and diatoxanthin relative to chl a [Geider et al.,1993; Babin et al.,1996; Johnsen and Sakshaug, 1996; Moline, 1998; Anning et al., 2000; Schluter et al., 2000] .
Earlier work in protected coastal waters (East Sound, Orcas island, Washington, [Eisner et al., 2003] ) showed that high ratios of photoprotective: photosynthetic carotenoids (PPC: PSC) of the largely diatom assemblages were associated with high light levels.
PPC: photosynthetic pigment ratios also may be used to predict prior mixing history [Cullen and Lewis, 1988; Culver and Perry, 1999] . Assemblages in stratified, high light, low nutrient surface waters would be expected to have higher PPC: PSC ratios compared to well mixed, low light, high nutrient surface waters given that phytoplankton assemblages have had adequate time to acclimate (i.e. mixing in these waters is slower than pigment modifications).
Ratios of PPC: PSC vary between phytoplankton taxonomic groups, with phytoplankton exhibiting a variety of tolerances and adaptations to light and nutrient exposure/history. Thus, PPC: PSC ratios are expected to vary across oceanographic regions and fronts due to deviations in physiological acclimation and taxonomic composition. Phytoplankton cell size, an indicator 5 of taxonomic composition, also varies across environmental gradients [Chisholm, 1992] , with lower nutrient offshore waters containing a greater percentage of small (< 10 µm) phytoplankton than observed in higher nutrient inshore waters during normal summer upwelling periods on the Oregon Coast [Corwith and Wheeler, 2002] .
We have shown that the assessment of the photophysiology and taxonomic composition of in-water phytoplankton assemblages, based on indices of photoprotective to photosynthetic pigment ratios can now be estimated on similar scales as physical environmental parameters using in situ spectral absorption measurements [Eisner et al., 2003] . For data collected in East Sound [Eisner et al., 2003] , we found linear relationships between the shape of the in situ absorption spectra and PPC: PSC ratios from High Performance Liquid Chromatography (HPLC) analyses of discrete samples. Changes in the shape of the in situ phytoplankton absorption (a ph ) spectra were computed using a "slope" index, a ph slope = (a ph 488-a ph 532) / [a ph 676 · (488-532 nm) ].
For the current study we apply the techniques described by Eisner et al. [2003] to investigate the relationship between in situ absorption and pigment ratios in Oregon coastal waters during August 2001 (summer upwelling season) as part of the Coastal Ocean Advances in Shelf Transport (COAST) project. We also characterize the environmental, physiological and taxonomic factors that potentially affect the a ph slope and PPC: PSC indices on the Oregon Coast. Future analyses of optical and discrete sample measurements (including taxonomic classification) from other coastal sites would allow us to understand the utility of this index over large geographic regions.
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The present analyses focus on surface data (primarily 5 m samples, from above the pycnocline) to evaluate the horizontal patterns in phytoplankton chemotaxonomic distributions and photophysiology. Specifically, our objectives are to 1) compare PPC and PSC concentrations from HPLC analyses of discrete water samples with in situ a ph and particulate absorption (a p ) spectra in a variety of surface water masses (inshore, mid-shelf, Columbia River/offshore waters), 2) examine the relationships of the absorption slope index and PPC: PSC ratios with environmental parameters (light history, nutrients, temperature), and 3) demonstrate how in situ absorption and beam attenuation measurements can be used to estimate phytoplankton PPC: PSC ratios, chlorophyll a (chl a) concentration and relative particle size distribution (PSD) with high spatial resolution in the variable environment of the Oregon upwelling system. 
2.2.
In situ measurements of hydrography and bio-optics Water pumped to the shipboard laboratory was passed through an in-line bio-optical system that included a CTD sensor (SBE 911, Seabird, Inc.), and two nine-wavelength (visible light) in situ spectral absorption and beam attenuation meters (ac-9, WET Labs, Inc.). One ac-9 measured total water and one measured dissolved constituents by diverting part of the inline flow through a set of filters (50, 10, and 0.2 µm (maxi-capsule, Gelman)) before the water passed through the ac-9. Both ac-9s were calibrated every 2 days with the pure water calibration technique [Twardowski et al.,1999] .
Additional in situ optical and hydrographic measurements were collected with a Sea Soar, a towed undulating package, deployed from the R/V Wecoma, a second research vessel involved in the August 2001 COAST survey. A Seabird 911 CTD was used to map hydrographic parameters and a Flash Pak fluorometer (WET Labs, Inc.) was used to map chl a concentrations. Optimal interpolation was used to interpolate data and create spatial maps of chl a and temperature.
Collection of discrete water samples
Water samples were collected at select stations by diverting part of the pumped flow into 20 L carboys while the reminder of the flow went through the in-line optics and CTD system.
Samples were analyzed for nutrients, pigment composition, and particulate (phytoplankton and detrital) absorption.
Discrete sample analyses of phytoplankton pigments and particulate absorption
Phytoplankton pigment concentrations were determined with HPLC [Wright and Jeffrey, 1997] . Quantifiable pigments included chlorophylls (a, b, c1/c2, c3) , chlorophyllide a, 8 chlorophyll a epimer, PSC (19-hexanoyloxyfucoxanthin (hex), 19-butanoyloxyfucoxa nthin, fucoxanthin (fuco), peridinin (perid)), and PPC (alloxanthin, β-carotene, diadinoxanthin, diatoxanthin, violaxanthin, lutein + zeaxanthin). Lutein (lut) and zeanthin (zea) could not be quantified separately with this HPLC method. Total chlorophyll a (Tchl a) was computed as the sum of chl a, chlorophyllide a, chlorophyll a epimer and other unidentified chlorophyll a derivatives.
Particulate absorption measurements were determined using the qua ntitative filter technique (QFT, [Yentsch, 1962; Mitchell and Kiefer, 1988] ) with the Kishino method [Kishino et al., 1985] . A dual beam spectrophotometer (Cary 300 UV-Vis ) was used to measure particulate absorbance spectra of samples filtered onto GF/F s (glass-fiber filters, Whatman), then phytoplankton pigments were removed with methanol and filters were re-scanned to measure the detrital absorbance spectra. All spectra were corrected by subtracting blank GF/F spectra and then subtracting values at 750 nm from all wavelengths. A correction factor (ß) of 2 was used to correct for the amplified optical path length due to scattering by the glass-fiber filters [Roesler, 1998 ]. The a ph spectra were determined by subtracting a d from a p spectra.
Nutrient analyses
Nutrient samples were immediately frozen after collection and analyzed for total nitrate, nitrite, ammonium, phosphate and silicate using a Technicon Auto Analyzer following standard colorimetry protocols [Atlas et al., 1971] .
2.6. In situ particulate absorption spectra We estimated a p (8) from the ac-9 data by subtracting the absorption by dissolved material (< 0.2 µm), from the absorption by particles plus dissolved material. Corrections for temperature and salinity were applied [Pegau et al., 1997] , and the scattering error was removed by sub tracting a p 715 nm from all a p (8) [Zaneveld et al., 1994] . Single point data spikes were removed from the ac-9 data with a 5-point median filter (2 passes), data were smoothed with a 7-point running average, averaged into 1-s bins, and merged with hydrographic and position data.
Calculation of slopes from absorption spectra
Changes in the shape of the absorption spectra were evaluated by calculating "slopes" of the absorption curves [Eisner et al., 2003] :
where a x is denoted as a ph or a p .
The ac-9 slope measurements at discrete depths represent temporal averages of 2-17 min, corresponding to the time interval of the pumping system at that depth for the concurrent collection of water samples. During underway transects the ac-9 data were averaged over 25 sec intervals. The absorption slopes from the ac-9 were compared to the PPC: PSC ratios from HPLC analyses for samples collected in the top 10 m. Model 2 (geometric mean) linear regression analyses were used for our comparisons. For statistical comparisons between regressions, we determined if the mean values for the regression line slope and intercept for one regression fell within the 95% confidence interval (CI) of the other regression. Model 1 linear regression analyses were used to predict PPC: PSC ratios from ac-9 a p slope measurements.
Detrital absorption (a d ) estimation
We obtained ac-9 a ph values by subtracting the detrital absorption coefficients, a d , from the ac-9 a p measurements. The a d coefficients for ac-9 spectra were obtained by multiplying the ac-9 a p values by the a d : a p ratio from QFT samples collected at the same time. The use of the QFT a d : a p ratio rather than the absolute a d (8) from QFT, accounts for any differences in the absolute magnitudes of the ac-9 and QFT absorption spectra. Variability in QFT spectra may result from inaccuracies in the path-length amplification factor (ß) and variability in the blank filter pad optical density [Roesler, 1998 ]. Whereas, variability in ac-9 spectra may result from the choice of the scattering correction method and pure water calibration variations.
Size estimations based on c p spectra
The relative differences in the particle sizes were estimated from ac-9 beam attenuation (c) spectra [e.g. Kitchen et al., 1982; Boss et al., 2001] . We subtracted the dissolved attenuation spectra, from the total attenuation spectra, to get particulate beam attenuation (c p ) spectra. Both, the c p 440: c p 650 ratio and (, the hyperbolic exponent for a least squares fit to the c p spectra, have been used to estimate relative particle size distributions (PSD, [Kitchen et al., 1982; Boss et al., 2001] To evaluate higher resolution spatial patterns we used continuous ac-9 and CTD data averaged over 3-7 m depth intervals, collected with the to-yo sled pumped sea water system. For a specific water mass, we estimated PPC: PSC ratios from our ac-9 measurements using the linear regressions we had previously developed for the PPC: PSC ratios derived from HPLC discrete sample analyses and the ac-9 absorption slope parameter.
Photosynthetic available radiation (PAR)
Above surface irradiance measurements were obtained from the R/V T.G. Thompson onboard weather station using a quantum sensor. Subsurface irradiance was derived using:
12 where E d (z) is the downward irradiance at depth z in meters, E d (0) is the downward irradiance just below the water surface, and K d is the average vertical attenuation coefficient from 0 to z m. We determined E d (0) from the above surface irradiance measurements assuming a 5% loss of light at the air-water interface. A reflectance loss of 5% or less is typical under overcast skies and for zenith angles of incident light of 0 to 60° under clear skies [Kirk, 1994] , conditions observed during the majority of our sampling. K d (8) was approximated by K E (8), the vertical attenuation coefficient for net downward irradiance, where,
µ-bar(8) is the average cosine for the light field and a t (8) is the total absorption by water, dissolved and particulate material [Kirk, 1994] . We used a t (8) values from ac-9 data collected from 412 to 715 nm and assumed an average µ-bar(8) of 0.8. For each sample, the mean a t (8) at the discrete sample depth was used to derive K E (8), and we assumed this depth-specific value was representative of the water above. We then computed a weighted mean K E from K E (8). For our calculations, the mean K d value from 0 to z (the discrete sample depth) was assumed equivalent to the mean K E value, although K d may differ slightly from this K E estimate.
To estimate prior light exposure, we assumed the surface waters remained stratified over time (over prior 1 h or prior 24 h). Consequently, we used the subsurface irradiance measurements for the prior 1 h or 24 h at the depth of sample collection to estimate the mean prior PAR exposure (i.e. we assumed the sample remained at a set depth over the prior 1 h or 24 h, and calculated the mean daytime irradiance at that depth over the specified time period). For 1 h prior light exposure calculations we only used samples collected between 0800 h and 1800 h Pacific Daylight Time (PDT), approximately 2 hours after sunrise to 2 hours before sunset.
Wind data
Wind data from the National Oceanographic Data Center (NODC) buoy # 46050 located 20 nautical miles west of Newport, Oregon were used to determine periods of upwelling favorable winds, downwelling favorable winds and summer relaxation (light wind) periods, as described by Castelao and Barth [this issue ].
Results
Grouping of samples
We grouped the surface layer samples according to temperature (T) and salinity (S) characteristics, date of sample collection and location (Figures 1, 2 (Figure 2 ).
Slopes of absorption spectra in relation to pigments
The relationship s between PPC: PSC ratios and a ph and a p slopes were evaluated for ac-9 spectra for each sample group. These results show that there are inverse linear relationships Relationships between PPC: PSC ratios and ac-9 a p slopes were similar and not significantly different than results found for a ph slopes (p < 0.05) for groups MID and CR indicating that a d had a negligible effect on these relationships (Figure 3b ). .3 % with a mean CV of 1.7%. For the co-located water parcels, the derived ac-9 a ph slopes had CVs ranging from 0.29 to 53% with a mean of 7.3%. The ac-9 a p slopes had CVs ranging from 0.33 to 39% with a mean of 6.8%.
Environmental characteristics
The depth of the surface mixed layer varied from ~ 5 to 20 m for the duration of our study, primarily in response to shifts in wind forcing. We encountered both upwelling favorable values (data not shown), largely due to reduced phytoplankton biomass.
Dissolved inorganic nitrogen (DIN, ammonium-N+ nitrate-N+ nitrite-N) concentrations
in the surface layer were higher inshore than offshore, however, there was considerable variability among midshelf stations even when TS characteristics were similar ( Figure 2 ).
Nitrogen concentrations less than 1 to 2 µM may limit phytoplankton growth since coastal diatoms typically have nutrient half saturation (k s ) values in this range [Dr. P. Wheeler, pers.
comm.]. The 5 m DIN concentrations were < 2 µM at a variety of midshelf and offshore stations (n = 20, Figure 2 , Table 1 ), including a station influenced by the Columbia River plume water (CH6 on 11 August), Heceta Bank locatio ns (HB6, HB8, HB10, BLM) and select midshelf stations (some ST transect and CP4 to CP5 time series locations).
Tc hl a and pigment biomarker variations
In general, we observed moderate to high Tchl a values at inshore and midshelf stations, while offshore stations had low values ( Figure 5a , Table 1 and near CP4, respectively (Table 1) . Low DIN (< 2 µM) concentrations were seen at all three of these locations, and very low silicate (Si) concentrations (<0.2 µM-Si) were seen at stations CP11 and CP4 and nearby ( Figure 5c , d, Table 1 ). At all three locations, DIN was composed primarily of ammonium (except for station CH6 on 08 August, Table 1 ). High surface temperatures, low salinities and low Tchl a values also were associated with the occurrence of these non-diatom species at offshore stations CH6 and CP11 (Figure 5a , b, e, f).
Regression analyses for pigment ratios and environmental parameters in surface waters
For all surface (5 m) data, we evaluated the relationships between PPC: PSC ratios and environmental variables using bivariate and multivariate linear regression analyses. Data from station CP11 was excluded from all regression analyses since the PPC: PSC ratio for this sample was > 3 s.d. from the mean.
DIN
There were significantly higher PPS: PSC ratios for samples with low total DIN values (< 2 µM-N) compared to samples with higher total DIN values (> 2 µM-N) (one-sided t tests, p < 0.001). For DIN values < 2 µM, we also found a significant linear relationship between DIN concentration and PPC: PSC ratios, although the correlation coefficient was low (r = -0.4, p < 0.01). We did not see significant differences in Tchl a for low compared to high total DIN values (two sided t-test, p = 0.5). The low DIN values were from groups MID and CR (CH6 only), whereas the high values were from all three groups.
Irradiance
Since discrete samples were collected throughout the light cycle, we compared the PPS:
PSC ratios to the average daytime PAR exposures for the 24 h prior to sample collection. We did not find a significant relationship for 5 m samples between PPC: PSC ratios and mean PAR for the prior 24 h (p >0.05, Figure 6a ). However, there was a significant positive relationship between PPC: PSC ratios and the mean PAR for the prior 1 h, for samples collected from 0800 h to 1800 h (r 2 = 0.28, p < 0.05, Figure 6b ). The regression line slope for these 5 m samples was not significantly different than the regression line slope for East Sound samples collected from 1100 to 1600 h in a similar PAR range (p < 0.05, Figure 6b ). The y-intercept was two times higher for these Oregon Coast samples than for East Sound samples (intercepts of 0.23 compared to 0.12, respectively, p < 0.05). The linear regression also shows more scatter for Oregon Coast compared to East Sound samples (r 2 = 0.28 compared to r 2 = 0.89). This higher variability may be due to the greater diversity of the phytoplankton assemblages and water masses seen during the Oregon Coast survey (large area) compared to the East Sound survey (single station). For the Oregon Coast CP4 to CP5 times series, we found a significant linear relationship for PPC: PSC ratios and mean PAR for the prior hour for samples (n = 4) with relatively high (perid + hex):
Tchl a ratios (PPC: PSC = 0.0003 * PAR -0.29, r 2 = 0.84, p < 0.05, Model 2 linear regression),
suggesting PPC: PSC ratios show stronger relationships with irradiance when there is less variability in taxonomic composition between samples.
Temperature
We observed a positive relationship between temperature and PPC: PSC ratios for 5 m samples, excluding the sample from station CH3, a low temperature outlier that was >2.5 s.d.
from the mean value (r 2 = 0.36, p <0.001). We found a weak negative relationship between temperature and Tchl a excluding station CH3 (r 2 = 0.32, p <0.05). PSC ratios are linearly associated with PAR and temperature, with better predictions possible for samples with low DIN concentrations. There is a negative relationship between DIN and temperature (r = -0.64) indicating that higher temperature water had lower nutrient concentrations. The low nutrient conditions in the warmer water masses may have contributed to the occurrence of higher PPC: PSC ratios.
Interaction of dissolved inorganic nitrogen
Higher resolution variations in optical and hydrographic properties 3.6.1. Heceta Bank transects
To examine higher resolution spatial variations in the optical and hydrographic properties we evaluated surface ac-9 and CTD data (3 to 7 m depth bins) collected along five transects in the Heceta Bank region from 18-21 August, during a moderate upwelling event (southward winds up to 7 m s -1 , [Castelao and Barth, 2004] ). The data in the HB transects are within the spatial and hydrographic domain of the samples in group MID. Therefore, we used the linear relationship between PPC: PSC ratios and ac-9 derived a p slopes for that group. 20 It must be noted that estimates of PPC: PSC ratios from continuous in situ absorption measurements (either surface or vertical sections) rely on realistic estimates of the detrital contribution to the obtained absorption spectra. Alternatively, a reasonable assumption of the spatial uniformity in a d allows the use of a p as a proxy for a ph in the relationship between a p slopes and PPC: PSC ratios. As discussed earlier, the PPC: PSC ratio to a p slope relationship for group MID was not significantly different than the PPC: PSC ratio to a ph slope relationship, indicating a relatively low and spatially uniform contribution of detritus to the a p spectra. Use of a p slopes to predict pigment ratios in regions with variable and high concentrations of detritus would require additional calibration data from QFT analyses.
Fine scale variations were seen for several physical and optically derived parameters (Figures 7, 8) . We observed steeper a p slopes, higher c p 440: c p 650 ratios, higher temperatures and lower salinities further offshore compared to closer to the coast. For example at 43.86°N, there was considerable cross shelf variation with large gradients in several parameters seen near 124.42°W and, in particular, near 124.30°W (Figure 7 ). At these locations, the distinct increases in c p 440: c p 650 ratios and decreases in salinity from east to west, indicate changes in relative particle size (likely shifts in phytoplankton taxonomy) were associated with well-defined changes in water mass characteristics. Our data suggest that phytoplankton assemblages located closer to the coast consisted of larger cells or chains with lower PPC: PSC ratios and were in newly upwelled water (T = 10°C and S > 33, Figure 4 ) with high nutrients (DIN = 11.8 µM near the coast). In contrast, assemblages located further from shore consisted of smaller particles with higher PPC: PSC ratios and were in warmer, fresher, low nutrient water (at station HB6 located ~15 km NW of this transect, DIN ~ 1.0 µM). High chl a concentrations (based on a p 676 values), were observed at locations inshore (124.25°W to 124.3°W) and further offshore (~124.37° W and ~124.46°W to 124.53° W) along the 43.86°N transect (Figure 7) , although the species composition of these assemblages likely differed based on the geographic separation and water mass characteristics. The discrete 5 m sample from station HB6 on 19 August had T and S characteristics similar to those seen at 124.46°W (Figure 7) . At station HB6, the PPC: PSC ratio was 0.26 g: g, the fuco: Tchl a ratio was 0.55 g: g, and Tchl a was 15.3 µg L -1 (Table 1) .
Whereas, at station HB12, the innermost location on the 43.86°N transect, the PPC: PSC ratio was 0.14 g: g, the fuco: Tchl a ratio was 0.43 g: g, and the Tchl a was 11.3 µg L -1 . These pigment ratios suggest that diatoms dominated the assemblages in both these areas, but the (Table 1) . Thus, the 14°C, 32.4 salinity contours (Figure 8 ) may indicate the location where there was a split in the functional phytoplankton groups with a mix of prymnesiophytes, diatoms and prokaryotic phytoplankton located further offshore, and primarily diatoms further onshore on Heceta Bank (Table 1) . Above 14°C, PPC: PSC ratios were above 0.4, again suggesting similarities with stations CH6 and in particular CP11. The low nutrients in Columbia
River plume water may be partially responsible for this shift in species and increase in PPC: PSC ratios.
We also found a strong relationship between temperature and c p 440: c p 650 ratios (linear and within 10 -14 h at a set location (Figures 2, 5c, 10 ). High ratios of perid: Tchl a and hex:
Tchl a occurred at station CP4 and nearby locations in samples with undetectable Si concentrations ( Figure 10a , Table 1 ). At 124.51°W, in particular, there was apparent competition between fuco (diatom) and perid (dinoflagellate) communities with perid: fuco ratios ranging from 0.2 to 2.5 (Table 1) . This location had the overall lowest DIN and Si concentrations for the CP4 to CP5 time series. The PPC: PSC ratios showed similar fluctuations as perid: Tchl a (and hex : Tchl a, to some extent) suggesting that increases in PPC: PSC ratios were associated with increases in the relative abundances of dinoflagellates and prymnesiophytes ( Figure 10b ). Variations in PPC: PSC ratios also were associated with fluctuations in temperature (Figure 10b) . Notably, high PPC: PSC ratios and high relative abundances of non-diatom species were seen in the high temperature, high salinity, low Si water mass.
Discussion
Our results show that optical tools in conjunction with discrete water samples (HPLC and QFT analyses) can offer insight into the photophysiology and taxonomic characteristics of the phytoplankton assemblage in a diverse environment such as the Oregon coastal zone. We have shown that PPC: PSC ratios can be estimated from ac-9 absorption slopes using linear relationships and these relationships differ for phytoplankton communities with broadly different water mass characteristics, sampling dates and locations. The PPC: PSC ratios can be used to understand variations in photophysiology since phytoplankton can increase PPC concentrations 24 under low temperature, high light and/or low nutrient cond itions [Schluter et al., 2000] .
Variations in PPC: PSC ratios also can reflect changes in taxonomic abundance since taxa have different carotenoid compositions.
Increases in PPC: PSC ratios have been observed at low temperatures (5°C in laboratory studies with Chlorella, [Maxwell, 1994; Maxwell, 1995] ). Cells may produce PPC to alleviate excess light energy since the photosynthetic capacity is reduced at low temperature. This does not appear to be a factor of concern in our study area, however, since temperatures were relatively high (above 7 °C). In addition, PPC: PSC ratios were positively instead of negatively associated with temperature. A positive relationship between temperature and PPC: PSC ratios, as seen for the Heceta Bank transect data (Figure 9a ), may be related to other characteristics such as nutrients, PAR, and phytoplankton taxonomic composition that vary between water masses.
For example, higher PPC: PSC ratios are often seen in higher temperature waters since warmer waters are experiencing (or have experienced) higher irradiances, and these waters often have lower nutrient concentrations under stratified conditions than well-mixed, cooler waters.
Cross-shelf variations in irradiance or nutrient availability likely caused the observed decreases in PPC: PSC ratios from offshore to onshore. To address this point, we analyzed the variability in PPC: PSC ratios due to temperature, salinity, PAR, DIN and depth. As described in the results, temperature and PAR could explain 42% and 61% of the variability in PPC: PSC ratios for all samples and low DIN (< 2 µM) samples, respectively. These results indicate that prior light exposure has a substantial influence on PPC: PSC variability with the best predictions seen for samples found in low nutrient waters.
PPC can increase under high light and decrease under low light, whereas chl a per cell and to some extent, PSC, show the opposite trend [Geider et al.,1996] . The PPC are thought to be located in the light harvesting antennae and the reaction center of the photosynthetic system and may serve to dissipate excess light energy as heat [Falkowski and Raven, 1997; MacIntyre et al., 2002] . Conversely, the energy absorbed by chl a and PSC is funneled along the electron transport chain for use in photosynthesis. Thus, higher PPC, lower chl a and possibly lower PSC are predicted for cells exposed to high light compared to low light conditions. Accordingly, PPC: PSC ratios may provide an indication of the recent light history of the phytoplankton assemblage.
Our results indicate that changes in PPC: PSC ratios are influenced by light history (over the prior 1 or 24 h). We found similar regression line slopes for PPC: PSC ratios and mean PAR over the prior 1 h for Oregon Coast data and East Sound data [Eisner et al., 2003] (Figure 6b ). This suggests that PPC: PSC ratios for Oregon Coast and East Sound assemblages are responding to prior light exposure in a similar manner. In contrast, the differences in the yintercepts of the regression lines suggest that the PPC: PSC ratios for assemblages exposed to very low PAR are higher for the Oregon Coast samples compared to the East Sound samples.
These differences are likely partially due to taxonomic variations. Both areas were dominated by diatoms, indicated by high fuco: Tchl a levels, but there may be regional differences between diatom species in the "baseline" PPC: PSC ratios for assemblages that are exposed to low light (and high nutrients). DIN concentrations also appear to influence PPC: PSC ratios under low nutrient conditions. When N is limiting, phytoplankton may have less functional photochemical reaction centers since the cell has reduced ability to repair damaged reaction centers, consequently less of the absorbed energy can be used in photosynthesis [Babin et al., 1996] . Under these conditions PPC may be in higher concentrations allowing more energy to be dissipated as heat and thereby 26 minimize the damage due to excess light energy. Nutrient availability can induce modifications in light absorption, energy transfer and charge separation, although these effects may be difficult to assess in the natural marine environment [Babin et al.,1996] . In addition, taxonomic composition can show variations in response to fluctuations in the nutrient environment [Johnsen and Sakshaug, 1996] as seen for the CP4 to CP5 time series data. Data from the CP4 to CP5 time series suggest that there were filaments from northward flowing warm salty "spicy" water [Barth et al., 2000] at some mid-shelf locations within a background of fresher colder water (Figure 10 ). Higher PPC: PSC ratios, lower Si and DIN (occasionally), and higher dinoflagellate abundances (suggested by perid: Tchl a ratios) were seen in the spicy water compared to the fresher water. The low Si and fairly low DIN levels in this spicy water mass may have led to higher PPC: PSC ratios and allowed dinoflagellates (possibly large species) to become a greater proportion of the phytoplankton assemblage. Under nutrient replete conditions, the faster growth rates in diatoms [Tang, 1996] can allow them to become more abundant than dinoflagellates, whereas, under silicate limited conditions dinoflagellates and other species that do not require silicate for growth may be able to out compete diatoms. Many dinoflagellates can also undergo diurnal vertical migrations to obtain nutrients at depth, providing a strategy to survive in nutrient depleted surface waters [reviewed in Smayda, 1997] .
In conjunction with other optical parameters, estimates of PPC: PSC ratios may be used to assess of the regional photosynthetic potential of the in situ phytoplankton assemblages.
Under light limited conditions, if more of the absorbed energy is dissipated as heat (less used in photosynthesis), the photosynthetic efficiency (maximum quantum yield for carbon fixation, mol carbon (mol photons) -1 ) will decrease; in this case increases in PPC: PSC ratios are associated with lower photosynthetic efficiency. In contrast, under light saturated conditions in nutrient replete cells, an increase in dissipation of absorbed energy as heat is not necessarily associated with decreases in photosynthetic efficiency since enough light is available to saturate the photosynthetic light reactions and excess energy is removed by PPC. As irradiances become supersaturating, phytoplankton may be unable to fully protect themselves from damage by excess light and thus show photoinhibition and decreased photosynthetic efficiency even with high PPC: PSC ratios. When high PPC: PSC ratios are produced by nutrient stressed cells, there may be an inverse association between PPC: PSC ratios and photosynthetic efficiency. For example, on Heceta Bank (Figure 8 ), we can speculate that the surface assemblages with lower PPC: PSC ratios located further inshore in nutrient replete areas may have had higher photosynthetic efficiencies than those with high PPC: PSC ratios located further offshore in nutrient deplete regions. Our data represent a step toward the in situ assessment of photosynthetic potential, but we still require additiona l information such as Fast Repetition Rate fluorometer (FRRf) measurements, which offer a measure of cell health and the capacity to absorb energy for photochemistry [Falkowski and Raven, 1997] .
The spatial patterns in optically derived parameters: PPC: PSC ratios, c p 440: c p 650, and a ph 676, along with CTD measurements of water mass characteristics can help us understand the interaction of coastal upwelling and intrusions by other water masses (Columbia River plume water, eddies, etc.) on phytoplankton ecology. In our results, we show examples of variations in surface ac-9 optically derived properties and hydrographic parameters from five Heceta Bank transects. These analyses indicate that the derived PPC: PSC ratios, PSD and chl a varied from onshore to offshore with larger cells, higher chl a, lower PPC: PSC ratios seen in the cold salty newly upwelled water close to shore and smaller cells, lower chl a, and higher PPC: PSC ratios seen further offshore, although there was considerable cross-shelf variability (Figures 7, 8) . Variations in the estimated PPC: PSC and c p 440: c p 650 ratios were related to variations in water mass characteristics (temperature and density, in particular, r 2 = 0.72 to 0.87). Thus, surface temperature (or density) can be used to explain variability in pigmentation and particle size distributions for data collected within these relatively narrow spatial (10's of km) and temporal (4 days) ranges, provided upwelling conditions remain fairly constant. The high inshore and low offshore chl a concentrations seen during normal coastal upwelling seasons on the Oregon Coast have been well documented [Small and Menzies, 1981; Landry et al., 1989; Hill and Wheeler, 2002 ]. In addition, particle size distributions have been shown to vary between the shelf and slope based on chl a size fractionation [Corwith and Wheeler, 2002] and across the shelf based on Coulter Counter measurements collected at 45° N in August 1974 [Small et al.,1989] . Small et al. [1989] found a greater percentage of large particles inshore than further offshore, based on the slopes of the cumulative size distribution, with steeper slopes indicating a greater percentage of small particles.
The influences of episodic coastal upwelling on hydrography and phytoplankton pigmentation are also apparent in our results. For example, at station CH1 the water was colder and more saline, and nutrient (nitrate, phosphate, silicate) concentrations were much higher throughout the water column on 10 August compared to 7 August (5 m DIN was 19 µM compared to 4 µM, Table 1 ), likely due to upwelling driven by the southward winds on 7 to 9
August [Castelao and Barth, this issue] . Diatoms appeared to be the dominant taxonomic group on both sample dates. Tchl a concentrations were lower throughout the water column on 10
August compared to 7 August (mean of 9.1 compared to 4.2 µg L -1 ). The values are consistent with post bloom (2-9 µg L -1 ) and upwelling (1-4 µg L -1 ) chl a levels seen in Oregon coastal waters during the upwelling season [Dickson and Wheeler, 1995] . We have shown that in situ ac-9 data along with discrete samples can be used to help characterize the photophysiological and taxonomic variations of field phytoplankton assemblages. With careful calibrations using HPLC pigments and QFT a d data, we have been able to obtain high-resolution information on vertical and horizontal spatial patterns in PPC: PSC ratios, relative particle size distribution and chl a concentration. However, the limitations of these analyses must also be considered. We have determined that the noise of the ac-9 absorption can be as high as 0. [Roesler et al., 1989] or use a d collected at nearby stations and times [Eisner et al., 2003] .
HPLC analyses do not provide sufficient information to permit differentiation between species within a taxonomic group. For example, using HPLC data alone, we were unable to distinguish one diatom species from another. Metrics for classification based on relative size such as c p 440: c p 650 ratios, may aid in taxonomic categorization, although, detrital particle contribution will complicate these results. In addition, chains of colonial diatoms, which commonly occur in Oregon coastal waters [Kokkinakis and Wheeler, 1987] , will appear as large particles, while the cells themselves may be small. Ideally, microscopic enumeration, flow cytometry and/or Coulter Counter measurements should be used to identify species and size structure [Ciotti et al., 2002] .
Finally, additional in situ ac-9 measurements in other coastal and estuarine environments and across frontal regions would extend the applicability of these results and facilitate comparisons between study areas. These optical indices can provide information about phytoplankton ecology over extended regions, given that adequate discrete samples (e.g.
phytoplankton pigments, detrital absorption) are collected for calibration of the in situ measurements. These calibrated in situ results could then be compared to remote sensing optical indices to determine large scale variations in surface biomass and physiological characteristics of natural phytoplankton.
Our results from the Oregon coastal waters reinforce the findings from more protected waters [Eisner et al., 2003] , and confirm that in situ absorption and beam attenuation measurements can provide high resolution information on photophysiological properties (PPC:
PSC ratios, PSDs) of the in-water phytoplankton assemblage. This high-resolution data is valuable for understanding the complex interaction of physical and biological parameters and will offer substantial insight into the factors influencing photophysiology and taxonomic variations in diverse marine environments. ) derived from ac-9 measurements, and d) temperature (°C), e) salinity and f) density (sigma-theta) from CTD measurements. The southern most transect in Figure 8 is the same transect shown in Figure 7 . Figure 9 . Relationships between temperature and a) PPC: PSC ratios derived from ac-9 a p measurements (as in Figure 7 ) and b) c p 440: c p 650 ratios (particle size parameter) for surface data collected from five Heceta Bank transects (shown in Figure 8 Relationships between temperature and a) PPC: PSC ratios derived from ac-9 a p measurements (as in Figure 7 ) and b) c p 440: c p 650 ratios (particle size parameter) for surface data collected from five Heceta Bank transects (shown in Figure 8 
